Generally 'shade tolerance' refers to the capacity of a plant to exist at low light levels but characteristics of shade can vary and must be taken into account in defining the term. We studied Abies amabilis Dougl. ex J.Forbes and Tsuga heterophylla (Raf.) Sarg. under a forest canopy in the northwest of the Olympic Peninsula, USA, which has low annual sunshine hours and frequent overcast days. Using BF3 sunshine sensors, we surveyed diffuse and total light received by saplings growing under a range of canopy openness up to 30%. We measured variation in photosynthetic capacity over the growing season and within days and estimated photosynthesis induction in relation to ambient light. Three components of shade tolerance are associated with variation in light climate: (i) Total light on the floor of an 88-year stand of naturally regenerated T. heterophylla was greater on overcast than clear days. Light on overcast days varied throughout the day sometimes with a cyclical pattern. (ii) Photosynthetic capacity, A max , varied both through the growing season and within days. A max was generally greater in the latter part of the growing season, being limited by temperature and stomatal conductance, g s , at times during the early part. Saplings in more shaded areas had lower A max and in the latter part of the growing season A max was found to decline from mid-afternoon. (iii) Two patterns of photosynthesis induction to increased light were found. In a mean ambient light of 139 µmol m −2 s −1 , induction had a curvilinear response to a step increase in light with a mean time constant, τ, of 112.3 s. In a mean ambient light of 74 µmol m −2 s −1 , induction had a two-part increase: one with τ 1 of 11.3 s and the other with τ 2 of 184.0 s. These are the smallest published values of τ to date. (iv) Both variation in photosynthetic capacity and induction are components of shade tolerance where light varies over time. A max acclimates to seasonal and diurnal changes in light and varies between microenvironments. The rapid induction processes can cause a rapid response of photosynthesis to changes in diffuse or direct light.
Introduction
Variation in photosynthesis between plants grown under shaded and sunlit conditions is described in textbooks (Taiz and Zeiger 2010, Chapter 9) . Typically foliage of shaded plants has lower photosynthetic capacity (A max , µmol CO 2 m −2 s −1 ), lower light saturation point (LSP, µmol m −2 s −1 ), the light value at which A max is reached, and lower light compensation point (LCP, µmol m −2 s −1 ). Lower LCP means that shade-grown foliage is in positive carbon balance at lower light levels and so may be relationship between photosynthesis and light. First, we know that photosynthetic capacity is not constant but changes over time in response to a number of environmental and plant developmental factors (Mäkelä et al. 2004 , Boonman et al. 2007 , Bauerle et al. 2012 ). Where such variation exists its importance for shade tolerance needs to be considered. Second, light can vary markedly over time at any point within foliage canopies and on the ground beneath them. Study of this variation has focused on the occurrence of sunflecks (Way and Pearcy 2012) , periods of high light with some component of direct sunlight and generally of short duration-from seconds to a few minutes. Sunflecks have been reported to contribute substantially to the carbon gain of generally shaded foliage (e.g., Chazdon 1988) . The response of shaded foliage to an increase in light is affected by an induction process (Woodrow and Mott 1989) during which there is a time delay in reaching A max . Low A max and LSP, also typical of shade foliage, may limit the effect a sunfleck has on photosynthesis. We describe the contribution that the dynamics of these features can make to shade tolerance.
We use saplings of Tsuga heterophylla (Raf.) Sarg. (Packee 1990) and Abies amabilis Dougl. ex J.Forbes (Crawford and Oliver 1990 ) growing on the forest floor at the boundary of the Picea sitchensis and Tsuga zones (Franklin and Dyrness 1988) in the northwest of the Olympic Peninsula, Washington. Both species are considered shade-tolerant components of forests in the coastal regions of Western North America.
We investigate:
(i) temporal patterns of light on the forest floor on days with different weather over a growing season; (ii) variation in A max over a season, and within a day, for foliage growing under different degrees of shade; (iii) response of foliage growing under different degrees of shade to short-term changes in light.
We measured the diurnal patterns of light under different amounts of canopy cover paying particular attention to defining levels of diffuse light. Through the months April-September, the northwest of the Olympic Peninsula receives the fewest sunshine hours in the continental USA (Geological Survey 1968) and some 25% less than most of the Tsuga zone further east. Diffuse light on cloudy days can be higher than diffuse light on sunny days and may be an important component of light received where there are few sunflecks. Young and Smith (1983) report that Arnica latifolia in the understory of a mixed Picea englemannii-Abies lasiocarpa forest had a 37% greater carbon gain on representative cloudy days than on clear days. Drever and Lertzman (2001) note difficulties in using hemispherical photographs to characterize light conditions between forest canopies with substantial foliage cover. For a more precise estimate of direct and diffuse light, we used continuously recording BF3 sunshine meters (Delta-T Ltd, Burwell, Cambridge, UK). We describe general relationships between differences in the light climate across the forest floor and parameters of the light-photosynthesis curve and compare them with height growth of the two species.
We conducted a survey of daily variation in A max over a substantial part of the growing season by sampling saplings growing under different degrees of shade on the forest floor and identifying times and conditions under which different factors may influence A max . The natural range of A max over the course of a day and season can be considerable. For Pinus sylvestris near the northern (67°46′N) timberline in Finland, Mäkelä et al. (2004) show that quantum yield, and hence the corresponding light saturated rate of photosynthesis, increased from zero in late April to a maximum in late August and modeled this trend using the annual cycle of temperature. Working with deciduous tree species, Bauerle et al. (2012) show that maximum photosynthesis rates decline with photoperiod and are not correlated with leaf spectral index, a proxy for leaf nitrogen content. In greenhouse-grown canopies of Nicotiana tabacum, Boonman et al. (2007) found that shaded leaves had lower photosynthetic capacity than sunlit leaves and imported less cytokinin. Experimental reduction of transpiration rate of leaves, independent of light, was sufficient to reduce photosynthetic capacity and, following experimental manipulations of cytokinin levels, Boonman et al. concluded that cytokinin is involved in the regulation of whole-plant response to light gradients.
A sudden increase in light intensity to a shaded plant to a level greater than LSP does not immediately produce photosynthesis at the rate of A max . An induction process occurs during which photosynthesis rate increases. The pattern of increase can be characterized by calculating the time constant, τ, the time at which 63.2% A max is achieved (Woodrow and Mott 1989) . Characteristics of induction can vary between species (e.g., Ögren and Sundin 1996, Hull 2002 ) and may have components associated with different processes in the photosynthesis system (e.g., Mott 1989, Vico et al. 2011 ).
We measured induction as a component of our survey of photosynthesis and found considerable variation. From a further study with high-frequency sampling we characterize differences in patterns of induction in relation to the ambient light level of the foliage, before application of the increase, and estimate the increments of photosynthesis that might be produced.
We discuss the three component features of environmental variation and plant response in defining the dynamics of photosynthesis and their contribution to shade tolerance for T. heterophylla and A. amabilis growing as saplings in the forest understory.
Materials and methods

Site
The study was carried out in a Washington State Department of Natural Resources-managed forest on the west side of the
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Olympic Peninsula (47°49′52″N, 124°15′35″W). Soils were formed from the deposits of alpine glaciers (Tabor and Cady 1978) and the site is generally flat with an elevation of 158 m. The stand, ~10.8 ha, was established after wind disturbance in 1921 and is even-aged with T. heterophylla dominant, with a mean dominant tree height of 42.7 m. Some 1.8 ha of the stand was thinned in 2004 from 440 to 356 trees ha −1 with the objective of promoting natural regeneration. Additionally, a circular gap some 30 m in diameter was created at the north end of the site, and no trees were cut at the south end. Prior to thinning, the stand was fully stocked and contained some dead standing trees. Regenerating conifer saplings in the forest understory are mainly A. amabilis and T. heterophylla with some Thuja plicata, with all three species distributed throughout the area of regeneration.
Light measurements
Hemispherical photographs were taken with a Nikon Coolpix 990 and a Nikon FC-E8 Fisheye Converter (Nikon, Tokyo, Japan) under overcast sky conditions. Camera exposure settings followed Zhang et al. (2005) using a small aperture (F5.3 or similar) and four times the shutter speed value automatically estimated for the unobstructed sky. Pictures were analyzed by Gap Light Analyzer software (Frazer et al. 1999 ) to calculate canopy openness and total transmitted light percentages based on reference cloudiness indices and simulated sun pass throughout the growing season. Reference for the cloudiness index were data from Sooke Lake, Vancouver Island, BC, 75 km northeast of the site.
BF3 sunshine sensors (Delta-T Ltd) were used to measure total and diffuse photosynthetic photon flux density (PPFD). Readings were made every 10 s and a mean value recorded every 1 min. An unobscured reference site was selected in an open area, on a convex slope, 1 km NNW where a BF3 sunshine sensor was mounted on a 4-m pole above the surrounding vegetation. Analysis of a hemispherical photograph from on top of the pole showed only 4.89% of total light and 8.84% of diffuse light obstructed at this location during this investigation. Comparison of recordings between this reference site and the most open of sites at the forest showed good synchrony in cloud patterns (Ma 2010 ).
Survey of light conditions
A preliminary investigation was made in 2008 of variability in light and sapling growth so that random sampling could be made for a balanced design to investigate variation in photosynthesis across the range of light conditions found in the stand. Thirty-two A. amabilis and 30 T. heterophylla saplings in the height range ~0.75-1.75 m were selected from within the stand and beneath a range of visually different degrees of canopy cover, avoiding special substrates such as logs, concaves or rock beds, but otherwise at random. A hemispherical photograph was taken above the top of each sapling, or closely beside it for the few saplings with difficult access to the top. Sapling light condition was classified into three groups according to canopy openness calculated from the hemispherical photographs: low light (L) <10% canopy openness; medium light (M) 10 to <20%; high light (H) ≥20%. From 14 May to 25 September 2009, BF3 sunshine sensors were placed at the top of each sapling included in the 2008 study to record at least one daily (08:00-18:00 h PST) pattern of total and diffuse PPFD. Thirty-five out of the 62 saplings were measured for two full days in different weather conditions. Three measurements of daily total and diffuse PPFD were made in each of the H, M and L groups at least once every 2 weeks for the whole growing season to provide a more comprehensive view of the seasonal variation in available light.
For each sapling a shading proportion (Shade) was calculated from the PPFD values. The integral amounts of daily (08:00-18:00 h PDT) PPFD were obtained from BF3 measurements for below-canopy light (ΣPPFD Below ) for each sapling and above-canopy light at the reference site (ΣPPFD Above ) so that each sapling's shade proportion could be calculated (i.e., Shade = ΣPPFD Below /ΣPPFD Above ). Shade values were calculated for total light (Shade Total ) or for diffuse light only (Shade Diffuse ).
Height and branch growth
Length of the leading shoot was measured to the nearest 0.1 cm every 20 days during the growing season for each of the 62 saplings. In some cases, the apical bud of T. heterophylla is difficult to determine and the highest terminal bud was picked based on sapling morphology: the terminal branch with the most bud scars should be the leader by definition, but some umbrella-shaped saplings in the shade had lost clear terminal apical dominance and had other terminal branches growing higher than the actual leader. After shoot extension ceased, the current year's extension of terminal buds from two lateral shoots was measured. These shoots were growing in the directions of two randomly selected perpendicular radii from the stem (Baltzer and Thomas 2007) . Their average is referred to as lateral growth of the growing season.
Photosynthesis
Photosynthesis measurements were made with a Li-Cor LI-6400 portable gas exchange system (Li-Cor, Lincoln, NE, USA) on 1-year-old fully expanded foliage on shoots attached to a sapling in the forest. Foliage was of the shade type found for canopy openness of <0.3, with generally horizontal needles (see Sprugel et al. 1996 for A. amabilis) . For each measurement, a 2 × 3-cm cuvette was clamped on a marked section of shoot where the needles had been arranged to form a flat layer around the shoot that would align on a flat surface in the cuvette without overlapping. This sometimes required removal of a few needles. These were removed at least 2 days before the measurement and investigation showed that this did not result in water being lost from the wound during measurements. In order to have minimal change in the ambient environment of the measured needles, leaf temperature was set to be constant at the temperature read from the leaf when the foliage was first put in the cuvette. Carbon dioxide (CO 2 ) concentration was set constant at the in situ ambient CO 2 concentration taken in the early morning (~08:00 h, PDT) of the measurement day, and air pumped into the cuvette was ensured to have similar moisture to ambient air by bypassing the desiccant of the equipment.
Two factors were used to stratify sample saplings for photosynthesis measurements: species (A. amabilis and T. heterophylla) and canopy openness groups (H, M, L) giving six conditions in total. For each condition, five saplings were randomly picked from the 62 saplings used in the preliminary investigation, i.e., 30 saplings, 15 for each species, were sampled. Each sapling was measured for two measurement days.
Ten replicate samples were made for calculating light response curves for each species × canopy treatment, distributed between 14 May (Day 134) and 25 September (Day 268), and measured between 10:00 and 11:00 h. Foliage was first kept in the dark for 180 s and then induced in 1500 µmol m −2 s −1 PPFD for 300 s. The following light sequence was applied consecutively to the foliage: 1500, 1000, 500, 350, 250, 200, 150, 100, 75, 50, 25 and 0 µmol m −2 s −1 of PPFD provided by the red-blue light-emitting diode light source in the cuvette of the Li-Cor LI-6400 Portable Photosynthesis System. Data were logged every 30 s until consistent values were obtained for the condition being examined. Leaf temperature, relative humidity, transpiration rate, stomatal conductance, intercellular CO 2 concentration and vapor pressure deficit were recorded.
To investigate variation in A max throughout the day, and on different days of the year, measurements were made at 10:00-11:00, 12:00-13:00, 14:00-15:00, 16:00-17:00 and 18:00-19:00 h PDT for days distributed over between Days 134 and 268. Preliminary investigations showed that stable values were obtained after 180 s of darkness for calculating R d and 300 s of saturating light at 1500 µmol m −2 s −1 for calculating A max . By definition A max is the rate of stable net photosynthesis after a sufficiently long exposure in saturating light. This was estimated by the data recorded in the last section of the 300-s period after saturating light had been applied. Similarly, the 180-s period in darkness prior to exposure to saturating light was used to estimate dark respiration (R d ).
Variation was observed in the pattern of induction of photosynthesis from the dark to a step increase in light that saturated photosynthesis. This variation was investigated further using a two species × three ambient light level sampling with triplicate shoots prepared in the same way as described previously. The ambient light level of shoots was recorded. When the photosynthesis measuring chamber was placed around the shoot, it was exposed to 300 s of ambient light and then 600 s of 1500 µmol m −2 s −1 . During the induction period following exposure to 1500 µmol m −2 s −1 , recordings were made at 1-s intervals for 120 s followed by measurements at 15-s intervals for a further 480 s.
When a sequence of photosynthesis measurements was complete, foliage from the marked area was scanned and the image was processed by the ImageJ software (National Institutes of Health, USA, imagej.nih.gov/ij) for foliage area. Foliage was then oven dried at 70 °C until constant weight before weighing to 0.001 g with an electrical balance.
Calculations
All calculations were made using R (R Core Team 2012). Light response curves were fitted with the non-rectangular hyperbola model (Lambers et al. 1998, p 27 ) using the nls function:
in which Q is the available incident PPFD, A is the CO 2 assimilation rate, A max is the assimilation rate at saturating light, ϕ is the apparent quantum efficiency (the initial slope of the linear part of the curve), θ is the convexity of the curve and R d is the dark respiration. Carbon dioxide assimilation rate was expressed on both a per unit leaf area and unit leaf weight basis. The shape of CO 2 assimilation rate curve in each 480-s measurement period was used to determine A max .
The effects of species, light conditions where the sapling grew and environmental conditions during measurement of A max were explored using linear models built by stepwise analysis of covariance (ANCOVA). Species, date, time of day, total and diffuse site factors and environmental variables recorded in a particular measurement period were used as candidates of predictors in the model. The ANCOVA model was initiated with the lm function and a formula with all predictor variables. From this a backward selection was made using the step function, dropping one predictor at a time to reduce the full model and compare the Akaike information criterion (AIC) of different steps. The step function improves the model through lowering AIC, until a minimum value is reached. Through this procedure the effects of species and light conditions on A max were analyzed, and possible influences of other environmental and temporal patterns were considered as covariates. No interaction effects were included in the stepwise ANCOVA due to too many possible interaction terms for this multivariate model and the exploratory nature of the investigation.
A multivariate regression tree for the A max data provides partitions in the results, among which the limiting factors or physiological processes may be different. The possible interactions and non-linearity in the data were described by the sum of squares multivariate regression tree ['mvpart' 1.3-1 package (De'ath 2002) R d are analyzed together because they are from the same record of CO 2 assimilation rate (A) during the 8-min measurements and describe the range of A. Additionally, foliage with similar A max but different R d may be experiencing different environmental conditions. The regression tree splits the data using one predictor at each node to minimize the sums of squared distance (SSD) of the predicted variables within the splits while maximizing the SSD between the splits. Each node was calculated from its own subset of data determined by the higher hierarchy of the node. One predictor may occur at different nodes in the whole regression tree and serve as different branching criteria. This method requires no assumptions regarding the distribution characteristics of the data or homogeneity of variances among the predictors. Significance of the nodes was ensured by cross-validation, in which regression trees were calculated by random subsets of the data. The data not used in calculating the tree were used to examine the accuracy of the predictions by the calculated tree. The regression tree was cross-validated, and the error value (proportion of variances not explained by the regression tree: total SSD of each terminal node divided by the SSD of the basal node) was used to determine the complexity of the tree (pruning): the least complex tree that had a crossvalidated error value within one SE of the minimal possible cross-validated error was selected. Then the regression tree was used to subset the data for environmental conditions that have different limiting ecological processes. Different linear models were then constructed to explain the critical processes in these subsets.
In our field survey of variation in photosynthesis, we estimated induction by fitting a hyperbolic saturation model to data for increasing values of A collected at 30-s intervals using the nlm function in R:
where t is the time (s) since the light was applied, and A is the rate of gross photosynthesis (µmol CO 2 m −2 s −1 ). This equation provided a robust fit to these field data to provide a general estimate of the rate of increase. There are three parameters: k 1 defines the upper horizontal asymptote of the hyperbola, which is the level of maximum gross photosynthesis rate expected by the saturation model; k 2 is the time for A to reach the half of k 1 and k 3 is any time lag between applying the light and the response of the recorded CO 2 assimilation rate. We calculate the expected A max by k 1 − R d , and report the half induction time as k 2 − k 3 .
Results from the field survey with 30-s interval sampling indicated a rapid induction so further investigation was made using 1-s sampling. For these data we attempted to estimate the time constant, τ, which characterizes the response of a first-order linear time-invariant system to a step change. For photosynthesis response to a step change in light:
where t is the number of seconds since the step change and τ represents the time it takes to reach 1 − 1/e ≈ 63.2% of its final asymptotic value. This can be interpreted as representing a situation where there are a finite number of sites to be activated and random movement of a substance that activates them so that the time course of activation declines exponentially. The nls function in R was used to fit this equation to the 1-s interval sampled data and the curve calculated from the equation was inspected graphically against the data.
We found that fitting Eq. (3) resulted in a biased solution. In almost half of the cases, positive and negative residuals were not evenly distributed along the domain of the fit implying that the process of induction might not be represented as a single exponential process. For this form of data, we fitted two-component processes similar to that found by Woodrow and Mott (1989) for spinach leaves measured in the laboratory and represented by:
where p 1 and p 2 are the proportions of A max accounted for by Processes 1 and 2, respectively, and τ 1 and τ 2 are the respective time constants. Equation (4) was assessed relative to Eq. (3) with AIC, residual sum of squares (RSS) and, importantly, examination for bias in residuals over any part of the curve.
Results
Temporal patterns of light
Days with different weather conditions had pronounced differences in both total and diffuse PPFD patterns. On a totally clear day, a relatively open location ( Figure 1a ) received many long sunflecks. The maximum PPFD above the canopy reached 1783 µmol m −2 s −1 at noon but generally sunfleck values were lower than those of light above the canopy. At more shaded locations (Figure 1b ), sunflecks were generally shorter and with lower maximum values. On a totally overcast day, while maximum values of total light above the canopy were less than that on clear days, there was still considerable variation through the day ( Figure 1c ) and some of this variation was seen at below-canopy positions (Figure 1c and d) . These types of differences between clear and overcast days, and between locations with different shadiness, were found at other understory locations (Ma 2010) . Calculations were made of the shade proportion of light received relative to the open reference site for each minute and separately for both total and diffuse light over all saplings.
Comparison of daily averages of these proportions made from direct BF3 measurements with proportions estimated from hemispherical photographs shows that for both diffuse and total light proportions estimates from photographs were generally greater, particularly for lower proportional values (Ma 2010) . Estimates of diffuse light from hemispherical camera photographs can be twice those based on BF3 measurements. In our survey of variation in photosynthesis capacity in relation to daily, seasonal and environmental variation, we measured diffuse and direct light with the BF3.
Median daily light values for each sapling sampled through 2009 were categorized into those taken under clear days with no clouds, intermittently cloudy and overcast days. Median values were similar between these conditions although clear days had more high-value outliers due to extended sunflecks. Diffuse light values were significantly different between sky conditions (one-way analysis of variance, ANOVA: F(2, 111) = 3.984, P = 0.0213) and post hoc comparison showed that overcast days had significantly greater intensity of diffuse light than clear days (Tukey's honest significant difference, P = 0.0234). Diffuse light conditions were dominant in the understory and diffuse light was highest during overcast days, whereas the clear days may bring more sunflecks to relatively open locations but less diffuse light to more shaded conditions. A comparison of the frequency distributions of 1-min averages of total PPFD for a clear (Figure 2a ) and an overcast (Figure 2b ) day at the same position in the L canopy openness group, shows a greater percentage of values >60 µmol m −2 s −1 for the overcast day.
We found two types of temporal variation: that occurring on clear days that can be attributed to sunflecks and that occurring on overcast days. In this forest, it can be difficult to distinguish sunflecks. Absolute values of total PPFD have been used in tropical forests, e.g., values >100 µmol m −2 s −1 (Chazdon and Pearcy 1991) or 50 µmol m −2 s −1 (Chazdon 1986 ). These thresholds were not used here because understory locations could have PPFD values >100 µmol m −2 s −1 in the absence of sunflecks (Figure 2b ). Bird and Riordan (1986) report that during clear days the direct sunbeam reaching the earth's surface consists of 15% diffuse light. Applying this figure to identify a sunfleck may underestimate sunfleck occurrence when the sun's beam is partially obscured by foliage and branches but there is still substantial change in PPFD. Difficulties in defining a sunfleck are discussed by Smith and Berry (2013) .
Following inspection of the data, we defined a sunfleck to occur when recorded total PPFD was four times greater than the concurrent diffuse PPFD. Sunflecks were analyzed by duration, light level, time when they occurred and the time period between the sunflecks. Pooling all measurements gave 1133 sunflecks over 114 days of measurements. Among these, 779 were recorded on 44 clear days, 342 on 33 cloudy days and Dynamics of photosynthesis 735 10 on 33 predominantly overcast days with occasional sunlight penetration through thin cloud. The resolution of these measurements is 1 min, so some <60 s sunflecks may not have been recorded. To summarize daily totals of sunflecks we use minutes; fewer but longer sunflecks were recorded in H canopy openness relative to M and L (Table 1 ) and most sunflecks were brief: >700 out of 1133 were <5 min and among those 400 were <2 min, i.e., 57 and 35%, respectively. There were a few sunflecks which lasted for over an hour, 12 at H locations, five at M and one at L.
Chazdon and Pearcy (1991) report the total PPFD of sunflecks and the total time of sunflecks in a day as linearly correlated in the understory of a Costa Rican rainforest. We found an increasing but curvilinear relationship for the daily total of sunfleck PPFD in relation to daily sunfleck minutes (Figure 3a) . The RSS of the fitted relationship on the square of the daily total sunfleck minutes is only 43% of that for the linearly fitted relationship. The curvilinearity at the low end of the ranges may be due to short-duration sunflecks being composed of a partly obscured sunbeam. Generally, the maximum intensity of a sunfleck was considerably less than that of above-canopy light at the same time, e.g., Figure 1a and b. For each location, average duration of sunflecks was calculated as the total minutes of sunflecks divided by the total number for each day and sunfleck light contribution as the proportion of the total daily received PPFD that was delivered by the sunflecks. The contribution of sunfleck to total PPFD increases sharply as the average duration of sunflecks increases (Figure 3b) .
Except for days with no sunflecks, understory locations with greater proportions of light relative to above-canopy light (BF3 estimation) had longer average daily sunflecks and greater daily sunfleck minutes and more total energy delivered by sunflecks both in the absolute amount and as a proportion in daily total of PPFD. However, a proportional contribution by sunflecks to daily total light of >0.5 can be reached with a daily sunfleck duration of 5 min.
Distinct cyclical variation in total light under the canopy occurred on some overcast days (Figure 4 ). The exception in Figure 4 is the increase to >300 µmol m −2 s −1 for the period ~13 h which was related to weak sunshine. The cyclical variation throughout the day is typically over a period of 20-25 min with a range of ~60-100 µmol m −2 s −1 .
Growth
For both species, leader growth was significantly greater under H and M openness conditions compared with that under L ( Figure 5) . Saplings of the L group only grew in height from late June to early August, while saplings in the higher openness groups, especially T. heterophylla, had height growth from May to September. When all measurements of height growth for each species were considered, leader increment was found to be curvilinear rather than linear in relation to canopy openness. Residual sums of squares for fitted relationships of height increment on the square of canopy openness were less than that for height increment on canopy openness: RSS for the square relationship was 80.0% of that for the linear relationship for A. amabilis and 75.4% for T. heterophylla. In contrast, the relationship between branch increment and canopy openness was linear.
Variation in A max and R d
For both species foliage in the L group had lower A max and R d per unit foliage than in H and M groups (Table 2 ) and values for A. amabilis are greater than those for T. heterophylla for each canopy openness group. Within species there are no significant ). This model is highly statistically significant (P < 0.001), but has an R 2 of 0.563 and so a considerable amount of variation is not accounted for.
To explore this variation further, a multivariate regression tree was constructed for the complete data of the stratified survey of A max and R d , including values for both species, and with minimization based on sums of squares. This technique forms clusters by repeatedly dividing the data so that each division minimizes dissimilarity within clusters. The first division, i.e., the one that accounts for most variation in the data, is by date. Measurements taken up to and including 19 August (Day 231) are lower than those after that date (Figure 6 ). Measurements made before 19 August 2009, represented in the left-hand branch of Figure  6 , were divided by leaf temperature above and below 26.6 °C (Node 1, Figure 6 ): the 39 measurements in the leaf temperature >26.6 °C group had mean leaf temperature 29.7 °C, a higher Dynamics of photosynthesis 737 dark respiration rate and lower A max than all other measurements. When leaf temperature is <26.6 °C and the date is before 20 August (Node 2), then Shade Total of 0.055 divides the data into 46 saplings which are under very shaded conditions and 107 which then divide on g s of 0.286 mol H 2 O m −2 s −1 (Node 3): 98 saplings with g s < 0.286 and 9 with g s > 0.286 and which have the greater A max . We infer from the saplings in ≥0.055 diffuse light that stomatal closure may restrict CO 2 assimilation during hot days before 20 August even when leaf temperature is not >26.6 °C.
After 19 August, i.e., the right-hand branch of Figure 6 , the first division is for Shade Total of 0.075 (Node 4) which separates 19 measures at low light and with lower A max (Node 4). A max was greater on more open sites and among the remaining 95 measurements a division occurred based on the diurnal pattern of A max (Node 5), in which A max is lower in the late afternoon than earlier in the day.
Variation between species
Leaf area-based A max ranged from 0.5 to 9.3 µmol CO 2 m −2 s −1 for A. amabilis and from 0.2 to 9.6 µmol CO 2 m −2 s −1 for T. heterophylla. In our investigation, for both species, the highest A max occurred at leaf temperature less than ~25 °C. At higher leaf temperature, the upper limits of A max declined rapidly. For both species, the upper leaf temperature where A declines to zero was close to 40 °C. For our data A. amabilis had a significantly greater mean A max (4.9 µmol CO 2 m −2 s −1 ) than T. heterophylla (4.1 µmol CO 2 m −2 s −1 ), one-sided t-test, P < 0.001. However, an interesting result is that T. heterophylla had greater A max than A. amabilis in environmentally more extreme conditions (Node I temperature >26.6 °C and Node II Shade T <0.055), i.e., whether the stress resulted from greater leaf temperature or limited light. Since stomatal control is important in these conditions, one possible explanation is that the triggering processes of stomata closure in A. amabilis are more sensitive than those in T. heterophylla.
Photosynthesis by foliage weight
A max was also estimated as the maximum recorded net CO 2 assimilation rate per unit dry foliage weight. From all measurement data, mean values of weight-based A max were 0.029 µmol CO 2 g −1 s −1 and 0.037 µmol CO 2 g −1 s −1 for A. amabilis and T. heterophylla, respectively. The stepwise ANCOVA predicting weight-based A max was calculated (Ma 2010) . Compared with the foliage area-based results, the effect of leaf temperature, date and time of day are similar. However, T. heterophylla had greater A max per unit foliage weight but less per unit foliage area than A. amabilis if all other predictors Table 2 . Characteristics of photosynthetic light response for the treatment groups of A. amabilis and T. heterophylla saplings in the understory of high, medium and low canopy openness measured at 10:00 h.
High Medium Low
Abies amabilis AQE CO 2 (hν PAR ) −1 0.13 ± 0.14 0.09 ± 0.05 0.074 ± 0.028 Residual standard error: 1.326 on 288 degrees of freedom. Multiple R 2 = 0.5846, adjusted R 2 = 0.5629. F-statistic: 27.02 on 15 and 288 degrees of freedom, P < 2.2 × 10 −16 . *0.05 > P > 0.01; **0.01 > P > 0.001; ***0.001 > P.
were controlled. Moreover, weight-based A max did not increase with increasing Shade Diffuse as most area-based results did. This can be explained by the specific leaf area (SLA) of the two species which was negatively and linearly correlated to light availability (R 2 = 0.13 for T. heterophylla; R 2 = 0.76 for A. amabilis), as characterized by the proportion of abovecanopy diffuse light received. Three observations can be made: (i) T. heterophylla always had greater SLA for a given level of light than A. amabilis (i.e., T. heterophylla had thinner, flatter needles than A. amabilis); (ii) in both species as light levels increased SLA declined (i.e., foliage become denser); (iii) there was less variation observed in SLA of A. amabilis than in T. heterophylla. Tucker and Emmingham (1977) , Tucker et al. (1987) , Brooks et al. (1996) , Sprugel et al. (1996) and Winner et al. (2004) note similar results in the relationship between light and SLA for these species.
Response of photosynthesis to short-term variation in light
Equation (2) provides a robust fit for the range of data in the season-long survey of photosynthesis and gives a predicted maximum CO 2 assimilation rate, k 1 , and half induction time, k 2 . Equation (2) is asymptotic and the fitted value k 1 tends to be greater than the measured A max but we found a linear correlation between A max and k 1 (Pearson's correlation coefficient 0.902). We used the direct measurement of A max in the analysis of environmental factors affecting photosynthesis. k 2 was between 8.4 and 296.1 s over all measurements, with most values between 50 and 100 s (median 79.5 s, mean 86.0 s equivalent to τ = 114.6 s and 124.0 s respectively). One-way ANOVA indicated that k 2 differed between canopy openness groups (F = 11.169, df = 2, 312, P < 0.001) and post hoc comparisons by Tukey's honest significant differences showed that H-group saplings had significantly lower k 2 value than M and L canopy openness groups. No significant difference in k 3 was found between species. An investigation of response in A to a step increase in light was made with more intensive sampling at 1-s interval sampling for 120 s following the step, followed by 15 s sampling for a further 480 s for 54 measured shoots (three canopy cover classes, two species, three replicates). Ambient PPFD was measured for each shoot prior to treatment: shoots were exposed to 300 s at the ambient light level followed by a step function to 1500 µmol m −2 s −1 . Four of the 54 shoots showed no clear pattern. The remaining 50 were classified into three patterns: 
Discussion
The general reduction in A max , R d , LSP and LCP found between H and L canopy openness (Table 2) is characteristic of shadetolerant species (e.g., Lewis et al. 2000) . Ishii et al. (2009) . However, they report that the species have similar leaf area-based A max and suggest that this indicates functional convergence of the two species, but from our field survey of A max , measured across a range of conditions, we found A. amabilis with significantly greater A max per unit leaf area. Tsuga heterophylla generally had much less weight per leaf area so weightbased A max can actually be higher. The capacity to photosynthesize and grow under shaded conditions should not be considered only in terms of broad differences in photosynthetic capacity or foliage structure. We report dynamic changes in photosynthesis at two temporal scales: (i) Response of actual photosynthetic rate to increase 740 Ma et al. in light, at the scale of seconds and minutes, which indicates rapid induction of the photosynthesis system. We report the fastest rates of induction found so far. (ii) Variation in photosynthetic capacity at scales of hours, days and across the growing season, which are related to variation in a range of environmental factors including light. We discuss the importance of these scales of variation in determining shade tolerance of A. amabilis and T. heterophylla and some aspects of their physiological processes.
In this environment, total light at the forest floor was greater on overcast than clear days (Figure 2 ) and showed distinct periodic variation (Figure 4) . The estimates of τ deduced from the overall survey data, where measurements were at 30-s intervals, had a mean τ of 114.6 s, substantially less than that reported by Woodrow and Mott (1989) for spinach of 5 min (300 s) and the general value of τ = 4-5 min given by Way and Pearcy (2012) . This fast response would provide actual photosynthesis rates that tracked the increases in light found on an overcast day (Figure 4) .
However, there were differences in the induction process. Foliage in less intense shade shows Type I induction ( Figure  7a ) of a single phase with τ = 112.3 ± 93.7 s (ambient light 139 ± 80.59 µmol m −2 s −1 ). Foliage in more intense shade had Type II induction (ambient light levels of 74.00 ± 28.03 µmol m −2 s −1 ) with a rapid increase (τ 1 = 11.25 ± 3.74 s) followed by a slower increase (τ 2 = 184.0 ± 42.5 s) (Figure 7b ). These two phases generally contributed equally to photosynthesis response. The longer phase of Type II induction is still relatively fast compared with published values.
Type II induction can be interpreted from laboratory studies of the induction process by Seeman et al. (1988) (Alocasia macrorrhiza), with a step change from 10 to 400 µmol m −2 s −1 , and Woodrow and Mott (1989) (Spinacia oleracea) with a step change from dark to 690 µmol m −2 s −1 . Both studies made similar measurements of photosynthesis following the step increase combined with measurements of enzyme activity and chemistry using freeze clamp techniques. Both sets of investigators observed: (i) An initial rapid change in concentrations of dark cycle metabolites, particularly an increase in ribulose-1,5-bisphosphate (RuBP) and a decrease in 3-phosphoglyceric acid (PGA) pool size in the first minute or so, and utilization by available Rubisco sites. (ii) A second phase of light activated the release of Rubisco from inhibition (Parry et al. 2008 ) and which Woodrow and Mott refer to as the Rubisco phase. Rubisco is inhibited by naturally occurring sugar phosphates, including RuBP, that tightly bind to the enzyme changing its structure (Parry et al. 2008 ) and inhibiting its capacity for the carboxylation-oxygenation reaction. This is a continuous process and the enzyme Rubisco activase (Snider et al. 2008) uses energy from ATP to remove the inhibitor, remodel the conformation of Rubisco and restore its function. Rubisco activase has been called a molecular chaperone (Carmo-Silva and Salvucci 2011). There may be more than one component of this phase (Woodrow et al. 1996) .
This interpretation of Type II induction implies that some potentially active Rubisco sites remain available under low light, i.e., they are not in an inhibited state that requires activation by Rubisco activase (Parry et al. 2008, Carmo-Silva and Salvucci 2011) . This is an important component of shade tolerance at these low levels of ambient light. From their biochemical and enzymatic analyses, Seeman et al. (1988) calculated that some 55% of possible Rubisco sites were available when the step increase in light was made. There are also inhibited Rubisco sites in Type II induction but the longer time constant of τ 2 relative to that found in Type I induction is consistent with competition for ATP between dark cycle processes and Rubisco activase.
We suggest that for foliage demonstrating Type I induction, which had higher ambient light levels before the step change in light, available active Rubisco sites were functioning at full capacity. With no available Rubisco binding sites there was not a very rapid response (equivalent to that with τ 1 = 11.25 s found in Type II induction), but there was a longer term response due to Rubisco activase enabling more Rubisco sites to function. Lower values of τ at higher ambient light levels for the Rubisco phase of induction are consistent with greater availability of ATP to drive the Rubisco activase reaction. The case of an overshoot in photosynthesis (Figure 7c ) can be interpreted as the saturation of unused Rubisco sites but then no activation of new sites by Rubisco activase, possibly due to comparatively low ATP availability, at least for the duration of the step function we measured.
Woodrow and Mott (1989) also described a slow phase of induction related to stomatal opening that increases C i between 4 and 15 min after an initial decrease in C i . We found no evidence of this slow phase of induction although our sampling extended only to 600 s, whereas Woodrow and Mott reported for twice that length. However, g s in our investigation was in the order of ≥0.3 mol m −2 s −1 , whereas values reported by Woodrow and Mott were ~0.037 at the start of the light phase and only increased to ~0.25 at 900 s. Generally, values of C i measured in our investigation of induction were ≥300 ppm with no rise in C i after it reached a minimum value. Vico et al. (2011) noted τ for both opening and closing of stomata in wet woody gymnosperms to be >10 min.
Diffuse light may be an important component of light received on the forest floor, or within canopies, and we suggest that direct measurement should be made rather than indirect estimates from hemispherical camera photographs which require simplifying assumptions about the pattern of diffuse light over the unobstructed sky. The variation we recorded in diffuse light within a day indicates that simplifying assumptions may not be appropriate when estimating the amount of light for photosynthesis. Also, although we use the term 'sunfleck' to
Dynamics of photosynthesis 741
Downloaded from https://academic.oup.com/treephys/article-abstract/34/7/730/1650956/The-contribution-of-dynamic-changes-in by guest on 16 September 2017 indicate a period of high light relative to more generally lower light, this distinction is likely to be less clear than in the tropical deciduous forests for which the term was first widely applied (Chazdon 1988, Chazdon and Pearcy 1991) . One reason for this is likely to be the greater diffusion produced by conifer foliage and canopies (e.g., Kim et al. 2011) .
Variation was found in the season-long survey of photosynthetic capacity. Four effects were major partitions in the multivariate regression tree: stomatal closure and high temperature, both of which partitioned a comparatively small number of measurements early in the growing season; more shaded conditions, which were major partitions both early and late in the season ( Figure 6 ) and time late in the day found later in the season. Critical Shade Total divisions for reduced A max in the multivariate regression tree analysis were <0.05 in the period prior to 19 August and <0.075 after 19 August and the difference between them may reflect differences in total light received between those periods. The decline in photosynthesis capacity in the late afternoon in late summer, when light levels decline, is of particular interest since that suggests a comparatively fast change in A max , i.e., in the range of 1-2 h.
Shade tolerance, in terms of variation in A max , is not a fixed property of foliage but varies according to light conditions. Brooks et al. (1996) present experimental evidence that over 100 days of shading decreased A max of sun foliage of A. amabilis to be the same as shade foliage. A contributing cause to the reduction of A max when foliage is shaded may be a reduction in cytokinin transported to the foliage due to a reduced transpiration stream. Boonman et al. (2007) present experimental evidence that leaf transpiration parallels the light gradient in N. tabacum canopies and that experimental reduction of transpiration, independent of light, reduces photosynthetic capacity. A reduction in light from 220 to 14 µmol m −2 s −1 reduced maximum photosynthesis by ~50% in 3 days. They show that shaded leaves import less cytokinin than those in high light and that photosynthetic rate can be increased by direct application of cytokinin. See also Boonman et al. (2009) for discussion of the possible effects of photoreceptors and xylem-transported cytokinins.
Conclusions
In this forest, diffuse light is important for sapling growth under shaded conditions. On overcast days, which are very frequent in this environment, diffuse light can be >60 µmol m −2 s −1 for most of the daylight period and the light saturation point of the foliage of T. heterophylla and A. amabilis is between 50 and 100 µmol m −2 s −1 , depending upon canopy openness. Under these conditions, sunflecks are less likely to be critical for seedling growth because sunfleck duration is short relative to that of the background of diffuse light and foliage may not immediately respond to light in excess of the light saturation point. An important component of these species' shade tolerance is that they have rapid induction of photosynthesis to short-term changes in light, more rapid than reports for other species, that may enable response to the time variability in diffuse light that we found. They also show considerable variation in photosynthetic capacity some of which is related to variation in the light environment. Research is required to determine if there is interaction between induction and processes that result in variation in photosynthetic capacity.
